Abstract -The worldwide decline of pollinators is an emerging threat and is a matter both for ecological and economic concerns. Population genetics can be used to correlate bumblebee decline with genetic parameters. In order to do so, historical data are needed. We used eight microsatellite loci to genotype pinned museum specimens of the declining bumblebee Bombus veteranus. Bumblebee samples were collected spanning a period of three decades . We detected low genetic diversity and inbreeding in the samples collected during the respective time periods. Inbreeding was also confirmed by the occurrence of sterile diploid males. Based on the data obtained, we speculate that low genetic diversity and inbreeding did not directly result in the collapse of B. veteranus in Belgium. However, inbreeding might still play an indirect role in the decline of bumblebee populations because of the appearance of diploid males and because a low H E might reduce the capacity to react to the drivers of bumblebee decline. microsatellites / ancient DNA / museum collections / genetic diversity / bumblebee decline
INTRODUCTION
The decline of pollinator species is an emerging threat that is gaining attention worldwide and is a matter for both ecological and economic concerns (e.g., Klein et al. 2007; Goulson and Osborne 2010) . Generalist foragers like bumblebees, which are essential pollinators in natural and managed ecosystems, are also undergoing decline (Williams 1982; Cameron et al. 2011) .
A good example of a bumblebee species in decline in Belgium is Bombus veteranus (Thoracobombus) (Fabricius, 1793) . B. veteranus lives in the plains of Northern Europe and has a highly patchy distribution as described in Rasmont and Iserbyt (2010) . It was one of the most abundant bumblebees in Belgium one century ago, but it started to decline in 1950 and to date this species is almost vanished (Rasmont and Mersch 1988; Rasmont et al. 1993) .
The main hypotheses to explain the observed declines in bee populations are: the impact of pathogen infections and pathogen spill-over from reared pollinators (as reviewed in Meeus et al. 2011) , the use of pesticides (Thompson 2001; Blacquière et al. 2012) , diet specialization (Rasmont and Mersch 1988; Connop et al.
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As a consequence of this decline, bumblebee populations become increasingly small, generating new threats. One, a reduced genetic diversity may lead to a more limited evolutionary potential against future changes in the environment, such as new pathogens, climate change, and habitat loss (Frankham 2005; Zayed 2009; Goulson and Osborne 2010) . Two, inbreeding (mating with relatives) can cause a decrease in polymorphism of the loci involved in the sex determination which leads to the presence of sterile diploid or triploid males (Duchateau et al. 1994; Whitehorn et al. 2009 ). Furthermore, inbreeding can lead to inbreeding depression caused by the expression of deleterious recessive alleles (Frankham 2005; Zayed 2009 ). Although, it has been reported that haplodiploid species, as is the case for bumblebees, are considered not to be as sensitive to genetic pauperization as diploid species because deleterious alleles are purged from the population in the haploid males (Sorati et al. 1996; Packer and Owen 2001) . So the question remains: whether populations of haplodiploid bumblebees are under danger of extinction when severe inbreeding is detected as has been reported before for mammals (or diploid species) (i.e., Keller and Waller 2002) , or can bumblebees sustain several years of inbreeding?
In this project, we used microsatellites to genotype a set of pin-mounted museum specimens of B. veteranus. Samples were collected spanning a period of three decades , before the decline occurred, and we analyzed how the allelic richness, heterozygosity and inbreeding coefficients responded over this period. These findings can increase our understanding of genetic parameters of bumblebee populations before their actual decline or extinction.
MATERIAL AND METHODS

Museum specimens
Belgian specimens of B. veteranus were selected from the Banque de Données Fauniques de Gembloux & Mons (Pauly and Rasmont 2010) . Between 1890 and 1950, B. veteranus represents 10 % of all bumblebees. This proportion decreased rapidly towards 2 % between 1950 and 1970 and less than 0.5 % after 1970. Rasmont et al. (1993 Rasmont et al. ( , 2005 ) assessed a strong decrease of the abundance of the species by a statistical analysis of the museum collections using the Stroot and Depiereux's method (1989) . The regression of the distribution is also obvious when having a look on the maps of Belgium compared to the maps of most bumblebee species (Pauly and Rasmont 2010) . Multiple bumblebee workers (BV1-BV111; Electronic supplementary material (ESM), S1) present in the museum collection of The Royal Belgian Institute of Natural Sciences were chosen for three different time periods before the actual decline in 1950: 1895 (n010), 1915 (n047), and 1923 (n032) . For each of these time periods, a maximum distribution of this species was created (Figure 1 ). In addition, 10, 20, and 20 drones were selected out of each respective time period.
DNA extraction and microsatellite protocol
Bumblebee DNA was extracted from one middle leg of each selected museum specimen (ESM, S2). Workers were then genotyped at eight microsatellite loci that have a range lower or around 200 bp to avoid the chance of null alleles (Wandeler et al. 2007) and that gave a reliable signal in the museum samples: B11, B126, and B132 (Estoup et al. 1993) and BT04, BT08, BT10, and BT11 (Reber Funk et al. 2006) originally developed from Bombus terrestris, and BL02 (Reber Funk et al. 2006 ) derived from Bombus lucorum. Microsatellites were amplified by PCR and were visualized with capillary electrophoreses (ESM, S3). To ensure data quality, some museum specimens were amplified twice at each locus; there was no evidence of amplification or scoring error based on those repeated genotyping.
Data analysis
Because there is a possibility of sampling multiple sisters from the same colony, which could potentially affect estimates of population genetic parameters, we Inbreeding before decline of B. veteranus used the program Colony 1.2 (Wang 2004 ) to examine family relationships for each time period, employing corrections for genotyping errors (5 % per locus). We checked our data also with the program Kinalyzer (Ashley et al. 2009 ) with both the "2 allele" algorithm and the "consensus" method to excluded problems using Colony 1.2 on populations with low genetic variability (Ashley et al. 2008) . All further analyses were made after removal of the identified sisters.
Tests for genotypic linkage disequilibrium and departures from Hardy-Weinberg (HW) equilibrium were performed for each population with randomization methods implemented in FSTAT 2.9.3 (Goudet 2001 
Genetic diversity and inbreeding
The program GenAlEx 6.3 (Peakall and Smouse 2006) was also used to calculate expected and observed heterozygosities (H E and H O , respectively) for each microsatellite loci. We estimated genetic diversity in each population using Nei's unbiased expected heterozygosity (Nei 1978) because these statistics are unbiased by sample size and do not appear to be seriously affected by null alleles (Chapuis et al. 2008 ). The allelic richness (N A ) corrected for sampling size (El Mousadik and Petit 1996) and the inbreeding coefficient (F IS ) were estimated in FSTAT 2.9.3 (Goudet 2001 ). We used a paired Student's t test in SPSS (version 20.0.0.1) to examine whether the mean genetic diversity and allelic richness significantly differed between different time periods. As null alleles can reach high levels when studying old museum specimens (Wandeler et al. 2007; Strange et al. 2009 ), the inbreeding coefficients were corrected for null allele frequencies based on the individual inbreeding model (IIM) using the program INEst (Chybicki and Burczyk 2009) . The estimated distribution was used to estimate corrected allele frequencies and inbreeding coefficients using 10,000 iterations (Chybicki and Burczyk 2009).
Population structure
Pairwise differentiation values (F ST ) among the different time periods were calculated using 1,000 permutations in FSTAT 2.9.3 (Goudet 2001) . Because null alleles may affect F statistics (Chapuis and Estoup 2007 ) the pairwise F ST values were recalculated after applying the ENA correction for null alleles as implemented in FREENA. We also estimated Jost's D (Jost 2008 ). This recently developed statistic provides a true measure of differentiation for highly variable markers, such as microsatellites, using the software SMOGD v2.6 (Crawford 2010).
Bottleneck presence
Evidence of recent genetic bottlenecks in the temporal samples was tested using Garza and Williamson (M) statistic (Garza and Williamson 2001) . The program assumes that a reduction in population size has a stronger effect on the number of alleles (k) than the range of allele sizes (rs), leading to a smaller M ratio (0k/rs) in size-reduced populations compared to equilibrium populations (Garza and Williamson 2001) . In order to evaluate the likelihood of a bottleneck occurrence (95 % criterion), the M ratios calculated and averaged across loci were compared with the distribution of simulated M C ratios of a population in equilibrium. The M C ratios were simulated based on parameters describing the evolution of the analyzed microsatellite loci (μ, the mutation rate/locus/generation; Δ g , the mean size of larger mutations; and p s , fraction of mutations larger than a single step) and the effective population size of pre-bottlenecked populations (N e ). Each sample estimate of M ratio (M critical or M C ) was thus tested under different evolutionary scenarios as suggested by Guinand and Scribner (2003) .
Simulation of gene diversity over time
We simulated how the genetic variation would be affected by a change in population size by use of the program BayeSSC (Excoffier et al. 2000; Anderson et al. 2005) . We used the same parameters as described in Lozier and Cameron (2009) except that we let the growth factor range from 0 to 5 % over 28 generations and the ancestral effective population sizes (N Ae ) from 15,000 to 100 (ESM, S4).
RESULTS
Microsatellite data
Of the eight microsatellite loci screened, seven (B11, B126, B132, BT04, BT10, BT11, and BL02) amplified strongly and were consistent across replicates. The locus BT08 could not be scored in a reliable manner and was therefore excluded from further analyses (Table I) . Analysis with Colony 1.2, and controlled with Kinalyzer, revealed that most of the populations contained some full-sib pairs (data not shown). For populations with identified sisters, we randomly selected one individual for further analysis. Of the originally selected numbers of bumblebees: 1895 (n010), 1915 (n047), and 1923 (n032), we used in all further analyses only the numbers after removal of the identified sisters: 1895 (n06), 1915 (n034), and 1923 (n0 18). Furthermore, we based all our analyses and conclusions on the time periods 1915 and 1923 as the numbers of specimens in the time period 1895 became too low. However, we still used the information obtained for the time period 1895 as indicative.
Six of the seven loci displayed heterozygote deficits under the Hardy-Weinberg equilibrium that could be indicative for inbreeding or the presence of null alleles. However, MicroChecker 2.2.3 revealed only low null allele frequencies for those loci over the different time periods (<10 %). A significant linkage disequilibrium (P<0.05) was found between three pairs of loci: BL02-BT10, BL02-B11, and B11-B132, when testing each locus pair across populations. The exclusion of locus BL02 and/ or B11 had no major effect on the results. Inbreeding before decline of B. veteranus
Changes in genetic diversity
The allelic richness (N A ) and expected heterozygosity (H E ) varied widely among loci, although differences between time periods were less pronounced (Table II 
Population structure
Comparison of the different time periods revealed no significant genetic differentiation (F ST ) between the years (Table III) . In agreement, the genetic differentiation grouped over all different time periods was also small and not significantly different from zero (F ST 00.039, CI: −0.008-0.090, one sample t test against 0, t00.861, d.f. 0 6, P00.42). Correction for the occurrence of null alleles, i.e., the ENA correction, had no effect on the genetic differentiation and was not significantly different from zero (F ST 00.024, CI: −0.058-0.071, one sample t test against 0, t00.739, d.f.06, P00.48). Calculation of Jost D, another statistic to measure 
Inbreeding and presence of diploid males
We detected high inbreeding coefficients (F IS ) across all loci (0.415±0.387, mean±SD) (Table II) . Both the years 1915 and 1923 were significantly different from zero (one sample t test against 0, d.f.06, t03.31, P00.028 and t0 3.03, P00.038, respectively). The inbreeding corrected for null alleles based on IIM (F IS IIM) across all loci was much lower: 0.262±0.194 (Table II) , but was still significantly different from zero for each time period (one sample t test against 0, d.f.06, t05.75, P00.001 for 1915; t04.86, P00.003 for 1923; and t05.81, P 00.001 for 1895) (Table II) . Significant inbreeding was supported by the occurrence of diploid males in each time period: one in 1895 (n010) and three in both the years 1915 (n020) and 1923 (n020).
Test for bottleneck presence
The calculated M ratios averaged across loci, were 0.650 in 1895, 0.673 in 1915, and 0.662 in 1923 . Based on the generally accepted critical M ratio of M C ≤0.680 as described by Garza and Williamson (2001) , the population of all three time periods showed evidence of a bottleneck. When comparing the calculated M ratios averaged across loci with the here simulated M C ratios, which ranged from 0.639 to 0.831, each population showed also signs of having passed through a bottleneck except for combinations using extreme parameter values. The parameter settings of the calculation were Δ g 03.5, μ0 0.20 and p s 05 and 10, and the resulting M C ratios were 0.639 and 0.643, respectively. It should be noticed that for small data sizes, as is here the case for the year 1895, the interpretation of the results can be problematic because of stochastic effects (Garza and Williamson 2001) ; however, the generated data are valid for the other time periods.
Simulation of H E evolution in declining populations
The simulations for different ancestral effective population sizes (N Ae 0100 to 15,000) over 28 generations resulted in marginal losses of H E of around or less than 0.05 even when starting with a strong negative growth factor of 5 %.
DISCUSSION
In this project, we used a set of eight microsatellites to genotype museum specimens of B. veteranus. Then, we analyzed how genetic parameters of bumblebee populations (i.e., allelic richness, observed and expected heterozygosities, genetic differentiation, and inbreeding) evolved over a period of three decades . In all the time periods, we detected low heterozygosities and positive inbreeding coefficients (the F IS values ranged from 0.383 to 0.441) which can be caused by several factors such as the presence of null alleles, population subdivision, and inbreeding (Callen et al. 1993) . For null alleles, the program MicroChecker 2.2.3 confirmed the presence of null alleles in our data, but the frequencies were low in all loci. After we corrected for null alleles based on the individual inbreeding model IIM, the inbreeding coefficients stayed high (F IS IIM ranging from 0.241 to 0.284) which is indicating that the high inbreeding coefficients cannot be explained by the occurrences of null alleles. Similarly, population subdivision can be excluded as a factor (Rasmont and Mersch 1988; Rasmont et al. 1993) . As a consequence, we believe that the data obtained therefore suggest that the observed inbreeding did not directly result in the collapse of B. veteranus. As reported by Goulson et al. (2008) , it is expected that populations of declining species become rare and isolated. As a consequence, populations of declining species exhibit a loss of genetic diversity (drop in heterozygosity and allelic richness) and gene flow over time, while for stable populations such changes are less likely to occur (Goulson et al. 2008) . In this context, we ran a simulation of over 28 generations with B. veteranus. However, these simulations demonstrated that in most of the cases, a reduction in population size (simulating bumblebee decline) resulted in a marginal loss of H E of around or less than 0.05. Interestingly, our simulation data agree with those of Lozier and Cameron (2009) as these authors could also not detect a major drop in H E in a simulation of over 38 generations in the declining bumblebee species Bombus pensylvanicus. So both simulations do not show a major drop in H E over time. In their review, Goulson et al. (2008) presented the hypothesis that the genetic diversity (N A and H E ) in current declined species is reduced as compared to other common Bombus species. But without actually knowing the ancestral H E , it is difficult to conclude if a drop of H E really occurred. Indeed, our data are strong indicatives that B. veteranus already had a low H E before its decline. This agrees with a low H E in the old specimens of B. pensylvanicus that is a declined bumblebee species in the USA (Lozier and Cameron 2009) .
As reported by Rasmont and Mersch (1988) , Rasmont et al. (1993) , and Goulson et al. (2008) , general drivers like the reduction in floral resources by agricultural intensification acted around 1950 for bumblebee decline. With the data obtained in this project, we can postulate the hypothesis that bumblebees with a low genetic diversity were then the first to decline. Hence, they were less prepared to face these troubled times or less adapted to this new environment. Furthermore, the low H E we found in all populations could also be explained by the fact that B. veteranus was a source-sink population in Belgium, as this species is well-known for its sudden appearance in different parts in Europe (Söderman 1999; Rasmont and Iserbyt 2010) . Indeed in agreement with the low genetic diversity, each time period demonstrated signs of the occurrence of a genetic bottleneck. Here, the presence of a bottleneck is based on the M values; however, we notice here that some M values should be interpreted with some caution since they can be sensitive to outliers in small data sets. In addition to those general drivers affecting the bumblebee populations, Voveikov (1953) described that B. veteranus is often inquilines of other Thoracobombus species such as Bombus sylvarum, Bombus muscuorum, Bombus humilis, and Bombus ruderarius. This phenomenon of B. veteranus being dependent on the nesting behavior of other species, could have made this species even more vulnerable toward extinction. Our data showed that B. veteranus remained abundantly present in Belgium until the 1950 and this in spite of the high inbreeding coefficients and the low genetic diversity presented in the population. This is unexpected in the case that inbreeding would have had major effects on the species success. Nonetheless, no inbreeding depression was detected here. These results are similar to those of B. terrestris in Tasmania (Schmid-Hempel et al. 2007 ). The latter study demonstrated that despite a drastic genetic bottleneck, B. terrestris could successfully invade and colonize Tasmania. Therefore, we believe that this population was robust against the possible effects of a low genetic diversity and/or associated inbreeding. But it has also to be noted that in Tasmania, there was a very favorable environment with no direct inter-species competition and no pathogens. However, negative effects of inbreeding have been reported, like the production of diploid males. In the case this happens, then the queens who mate with diploid males are unable to initiate a colony and also diploid males do not work for the colony which will also have a negative effect on the population growth rate (Cook and Crozier 1995; Gerloff and Schmid-Hempel 2005; Whitehorn et al. 2009 ). Furthermore, our result of detecting inbreeding without inbreeding depression could be explained by the hypothesis that the haplodiploid sex determination system of Hymenoptera is leading to a strong effect of purging selection against recessive deleterious alleles in the haploid males (Sorati et al. 1996; Packer and Owen 2001) .
In conclusion, our data with B. veteranus demonstrated inbreeding over a period of 1895 to 1923 while the population remained stable, implying that inbreeding does not directly trigger the actual decline and/or extinction of bumblebees. However, inbreeding might still play an indirect role in the decline of bumblebee populations because of the appearance of diploid males and because a low H E might reduce the capacity of the bumblebee population to react on environmental changes. 
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